The present study defined a simplified physiologically based pharmacokinetic (PBPK) model for dichlorodiphenyltrichloroethane [1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane, DDT] in humans based on metabolic parameters determined in vitro using relevant liver microsomes, coefficients derived in silico, physiological parameters derived from the literature, and an established rat PBPK model. The model consists of an absorption compartment, a metabolizing liver compartment, and a central compartment for DDT. Evaluation of the rat model was performed by making comparisons between predicted concentrations in blood and in vivo experimental pharmacokinetic values obtained from rats after daily oral treatment with DDT (10 mg/kg, a no-observed-adverse-effect level) for 14 days. Elimination rates of DDT in vitro were established from data from rat liver microsomes and from pooled human liver microsomes. The ratio of intrinsic clearance values of DDT based on rat in vivo and rat in vitro experiments was used as the scaling factor for estimating in vivo hepatic intrinsic clearance in humans in the final human PBPK model. These results indicate that a simplified PBPK model for DDT is useful for a forward dosimetry approach in rats and/or humans and for estimating blood concentrations of other related compounds resulting from exposure to low chemical doses.
INTRODUCTION
Appropriate use of human biomonitoring information should be made in risk assessments when creating public policy. 1, 2) To interpret biomonitoring results, it is of global interest to develop more advanced and accurate risk assessment and riskbased decision making systems. [3] [4] [5] It has been generally attempted to collect extensive information regarding specific physiologically based pharmacokinetic (PBPK) models including pharmacokinetic * To whom correspondence should be addressed: Laboratory of Drug Metabolism and Pharmacokinetics, Showa Pharmaceutical University, 3-3165 Higashi-tamagawa Gakuen, Machida 194-8543, Japan. Tel. & Fax: +81-42-721-1406; E-mail: hyamazak@ac.shoyaku.ac.jp and/or toxicokinetic parameters found in the literature for predicting concentrations in various biological fluids following multiple dose exposures. 5, 6) However, although simple, inexpensive, and reliable methods are needed for evaluating the accurate toxic risk, very few have been established. 7) Dichlorodiphenyltrichloroethane (1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane, DDT) has been widely used or is still being used as a broadspectrum insecticide for endemic vector and malaria control and as a treatment for body lice. 8, 9) DDT is converted in the body and the environment to other more stable chemical forms, including 1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene (DDE), which are highly persistent in soil, air, and water, as well as in plant and animal tissues. [10] [11] [12] Food, particularly meat, fish, milk, and dairy products, continues to be the primary source of DDT exposure, although DDT and DDE intakes have decreased over time. 12, 13) DDT and DDE are distributed to all body tissues but only a small proportion of DDT is metabolized and excreted. 14) The human health effects of DDT at low environmental doses or at biomonitored levels from low environmental exposures are unknown (http://www. cdc.gov/exposurereport/), despite its suggested role as a cause of oxidative stress. 15) Experimental human dosing studies conducted over an 18 month period, during which doses well above environmental levels were given, did not demonstrate overt clinical abnormalities (http://www.atsdr.cdc.gov/ substances/index.asp). Multiple reviews of cancer epidemiologic studies have concluded that a link between DDT and cancer has not been clearly established, although the International Agency for Research on Cancer classifies DDT (p,p -DDT) as a possible human carcinogen. [16] [17] [18] [19] The purpose of the present study was to carry out a forward dosimetry approach (shown in Fig. 1 ) using data from chemical doses administered to animals and from in vitro experiments with liver microsomes from animals and humans to predict concentrations in humans. As a test substance, DDT was selected. We report herein that the adjusted animal biomonitoring equivalents after orally administered doses at a no-observed-adverse-effect level (NOAEL) in rat studies were scaled to human biomonitoring equivalents using known species allometric scaling factors and human metabolic data with a simple PBPK model.
MATERIALS AND METHODS
Chemicals, Animals, and Enzyme Preparations --DDT and DDE were obtained from Wako Pure Chemicals (Osaka, Japan). Male rats (7 weeks old) were treated daily with DDT [10 mg/kg body weight (bw)] per os (p.o.) for 14 days or intraperitoneal (i.p.) for 3 days, based on a NOAEL dose. [20] [21] [22] [23] This study was approved by the experimental animal committee of Showa Pharmaceutical University. Liver microsomes from male rats (7 weeks old) treated with DDT (10 mg/kg) and from untreated controls were prepared as described previously. 24) Microsomal P450 contents were determined spectrally by the established method. 25) Protein concentrations were estimated by using a bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL, U.S.A.). Pooled liver microsomes from humans and recombinant P450 enzymes were obtained from BD Biosciences (Woburn, MA, U.S.A.). Typical P450 substrates, their reaction products, and other reagents used in this study were obtained from sources described previously or were of the highest quality commercially available. 24, 26) Typical P450-dependent marker oxidation activities were measured in liver microsomes in rats to evaluate enzyme inductions on treatment with DDT. Activities for the O-dealkylation of ethoxyresorufin (20 µM, for P450 1A) and pentoxyresorufin (100 µM, P450 2B) and for testosterone 7α-hydroxylation (200 µM, P450 2A), tolbutamide methyl hydroxylation (1000 µM, P450 2C), bufuralol 1 -hydroxylation (20 µM, P450 2D), chlorzoxazone 6-hydroxylation (50 µM, P450 2E), and midazolam 1 -and 4-hydroxylation (100 µM, P450 3A) were assayed according to the described HPLC methods. 24, 27, 28) DDT and DDE Determinations in Biological Samples from Rats --DDT and DDE in blood and urine samples from individual rats were extracted with ethanol and hexane. DDT and DDE concentrations in these extracts were measured by an HP6890 gas chromatography/mass spectrometry (GC/MS) system equipped with a DB-5MS column (30 m × 0.25 mm i.d. × 0.25 µm, Agilent Technology, Tokyo, Japan) according to the reported methods 22) with slight modifications. To determine the concentrations, the intensity of the precursor ions for DDT (m/z = 235) and DDE (m/z = 246) with internal standard 13 C 12 -DDT (m/z = 249) and 13 C 12 -DDE (m/z = 258) were used. Human Metabolic Study --Elimination rates of DDT in liver microsomes from humans and rats were measured by the GC/MS system mentioned above and were compared. Briefly, a typical incubation mixture consisted of 100 mM potassium phosphate buffer (pH 7.4), an NADPH-generating system, a substrate (1.0 µM), and liver microsomes (0.50 mg protein/ml) in a final volume of 0.25 ml. Incubations were carried out at 37 • C for 30 min. The assay linearity with respect to time and protein concentration and the reproducibility (within < 15%) were confirmed. The incubation was terminated by adding 0.40 ml of ice-cold acetonitrile.
Estimation of DDT Concentrations by PBPK
Modeling with Suitable Parameters --A simplified PBPK model was set up as described previously. 7, 23, 29) Parameter values for the physicochemical properties of compounds (f u,p , logP, K p,h , and R b ) are shown in Table 1 . Values of f u,p and logP were obtained by in silico estimation using SimCYP and ChemDrawBioUltra software; 30) K p,h was estimated from these two values (Appendix A), and R b was assumed to be 1.0. Parameter values which represent the physiological properties such as hepatic volumes and blood flow rate in rats or humans were taken from the literature. 23) Experimental plasma concentrations of compounds were analyzed by WinNonlin software (Professional version 5.01) with a one-compartment model and yielded primary k a and elimination constant (k el ) values as pharmacokinetic parameters (abbreviations used are also shown in Table 1 ). Values of total clearance (CL tot ), hepatic clearance (CL h ), CL h,int , and V 1 were also calculated from the results of the one-compartment model (Appendix B). Subsequently, final parameter values (k a , CL h,int , and Table 1 . Consequently, the following systems of differential equations were solved to conduct the modeling of concentrations in the rat in each compartment shown in Fig. 2 :
where at t = 0,
where X g is the substance amount in the gut, C h is the hepatic substance concentration, and C b is the blood substance concentration. Other parameters are the same as those shown in Table 1 for the rat PBPK model.
To define a simplified PBPK model for DDT in humans based on the rat PBPK model, we used relevant liver microsomes and physiological parameters (CL r , k a , and V 1 ) and applied the systems approach to fit them into the traditional parallelogram (animal scale-up strategy) for risk assessment, 5) as shown in Fig. 1 (Appendix C). The in vivo hepatic intrinsic clearance (CL h,int ) of DDT in humans was estimated by multiplying the calculated initial parameters for in vitro hepatic intrinsic clearance in humans by the ratio of in vivo to in vitro hepatic intrinsic clearance in rats, as mentioned above for modeling in rats. Then, the final parameters for PBPK modeling in humans were calculated and are shown in Table 2 . As was done for the rat model, systems of differential equations were solved to obtain concentrations in each compartment in humans.
RESULTS

PBPK Model for Rats Orally Treated with DDT
To obtain detailed PBPK model parameters, male rats were orally treated with DDT according to the protocol for general repeated exposure tests. Figure 3 shows the mean levels of DDT and DDE in blood and urine from rats after the final treatment of 14 daily repeated doses of DDT (10 mg/kg). DDT was absorbed and slightly cleared but was apparently accumulated (Fig. 3A) . Urinary excretion of DDT and DDE was low within 24 or 48 h after the final repeated administration (Fig. 3B) . lated to be 0.012 , by in silico estimation with Sim-CYP (Table 1) .
P450 induction in rat liver microsomes was investigated after intraperitoneal treatment with DDT for 3 days (Fig. 4) . Judging from the typical P450-dependent drug oxidation activities, P450 2B-and 2C-mediated activities were slightly increased and decreased, respectively (Fig. 4A) , suggesting that P450 induction or suppression by repeated treatments with DDT was almost negligible. Similarly, DDT elimination apparently increased on DDT treatment, but this change was not statistically significant (Fig. 4B) . A main role for P450 2B enzymes in DDT elimination was confirmed by immunosuppression with anti-P450 2B antibodies in rat liver microsomes (Fig. 4C) ; however, several individual P450 enzymes mediated DDT elimination in rats and humans (Fig. 4D) .
Consequently, final parameters such as hepatic intrinsic clearance (CL h,int ), volume of systemic cir- culation (V 1 ), and absorption rate constant (k a ) for the rat PBPK model were recalculated from the primary values by the user model in WinNonlin to give 1.14 l/h, 0.938 l, and 0.346 h −1 , respectively, and are shown in Table 1 . By running the rat PBPK model system shown in Fig. 2 , the blood and liver concentration curves of DDT were estimated after repeated oral administration with 2.5 mg of DDT to a rat (250 g bw); the estimated in silico concentration curves of DDT in the liver and blood are shown in Fig. 5A .
Human PBPK Model Supported by in vitro Hepatic Clearance Experiments
Hepatic clearance of DDT in vitro was determined in pooled human liver microsomes and was compared with data from liver microsomes from rats pretreated with DDT and from untreated controls (Table 3) . Hepatic clearance of DDT in human liver microsomes was calculated to be 5.1 µl/min per mg protein; this was similar to the values obtained Table  1 with mean ± S.E. values. on rat in vivo (Table 1 ) and rat in vitro (Table 3) experiments were different; this ratio (1.14/0.124) was used as the compensating factor for estimating in vivo hepatic intrinsic clearance in humans. Finally, a value of 251 l/h for the DDT hepatic intrinsic clearance (CL h,int ) was adopted to represent the in vivo status in the final human PBPK model, the parameters of which are shown in Table 2 . Figure 6 indicates how the variation (uncertainty) in the output of the present rat PBPK model of DDT can be apportioned, qualitatively or quantitatively. Figure 5B indicates the estimated human blood concentrations of DDT after modeling repeated oral administration with DDT (10 mg/kg). The apparent maximum blood concentration of DDT was estimated to be approximately 10000 ng/ml. When daily administration of DDT was modeled for 14 days, some accumulation of DDT in the liver (approximately 30000 ng/ml) was estimated by the present human PBPK model. In separate rat experiments, DDT accumulation was found in the liver at a level of 13000 ± 2500 ng/g (mean ± S.D., n = 4) after treatment with 3 daily i.p. injections. This level was well estimated by the present PBPK model at day 4, as shown in Fig. 5A .
DISCUSSION
In general, levels of DDT and DDE in the blood increase as a person ages as a result of cumulative exposure (http://www.atsdr.cdc.gov/substances/). Since the 1970 s, mean serum levels of DDT and DDE in the U.S.A. population have declined about fivefold to tenfold. 31, 32) High mean levels of whole blood DDT (about 3.86 ng/ml) and DDE (about 14.49 ng/ml) were found in a study of pesticide workers in Argentina. 33) Workers involved in production or application of DDT have developed neurologic abnormalities associated with blood levels of around 100000 ng/ml. [16] [17] [18] [19] Finding a measurable amount of DDT or DDE in serum does not mean that the level of the chemical will cause adverse health effects. [16] [17] [18] [19] Biomonitoring studies on levels of DDT and DDE provide physicians and public health officials with reference values so that they can determine whether people have been exposed to higher levels of DDT or DDE than are found in the general population.
It is generally accepted that PBPK modeling could be of use for understanding the relationship between chemical exposure and concentrations in body fluids (Fig. 1) . However, the multiple compartments and many complicated equations found in traditional PBPK modeling cause severe difficulties when applying the model. Simple and reliable methods have not yet been established, but such models are needed to explore the biological significance of a wide range of chemicals. The present study defined a simplified PBPK model for DDT in humans (Fig. 2) . Because of the simplicity of our adopted PBPK model, a reliable human hepatic clearance value and a complete set of human PBPK parameters could be estimated from limited experiments, namely oral dose administration in rats (Fig. 3) and in vitro clearance experiments with rat and human liver microsomes (Table 3) in the present study. The developed PBPK model for DDT in rats simply consisted of three compartments, i.e., the gut as the chemical absorption compartment, the liver as the metabolizing compartment, and the general circulation as the central compartment (Fig. 2) . In laboratory animals, DDT may induce specific cytochrome P450 enzymes to some extent (Fig. 4) , as reported previously, 34) but this information suggests that more complex modeling of the liver compartment is not needed in the simple PBPK model used in this study. Despite the single time point determination, apparent accumulation of DDT in the liver estimated using the simple PBPK model (Fig. 5) was confirmed by the measurement of DDT concentrations in the liver at day 4 after 3 daily treatments of rats with DDT. These results are consistent with a calculated long half life of DDT in the human body. 7) Estimated biomonitoring data can also help scientists plan and conduct research on exposure and health effects.
Human biomonitoring is important for many aspects of environmental health. 1, 2) Recently, the Centers for Disease Control and Prevention in the United State reported several pieces of relevant data, including the 95th percentile values of serum DDE levels (approximately 2 ng/ml, http://www.cdc.gov/ exposurereport/). Based on our forward dosimetry approach and assuming full conversion from DDT to DDE, the equivalent level of DDT exposure was estimated to be approximately 2 µg/day in the United States.
Evaluation of the developed rat model was performed by comparing the blood concentrations predicted by PBPK modeling in silico and experimental pharmacokinetic values from plasma and urine obtained from rats in vivo after repeated oral treatment with DDT at a NOAEL. To overcome the species differences in animals and humans, the traditional parallelogram technique 35, 36) used in systems biology 4, 5) was adapted for this study to estimate the value of in vivo human hepatic clearance from in vitro data (Table 3) .
In summary, the present study indicates that simplified PBPK modeling for DDT is useful for a forward dosimetry approach in rats and humans to estimate blood concentrations of DDT and other related compounds from low chemical doses such as those at the NOAEL. Appendix A The liver-plasma concentration ratio (K p,H ) was calculated from Eq. A1: 37) K p,h = P × 0.02289 + 0.72621
where P is the water-octanol partition ratio and was estimated from the computer-calculated logP as neutral (c log P):
f u,h is the hepatic unbound fraction for a specific binding on albumin, globulins, and lipoproteins. The tissue interstitial fluid-to-plasma concentration ratios of albumin, globulins, and lipoproteins were assumed to be 0.5:
Appendix B The initial parameter values of CL h,int and V 1 used to execute the fitting calculation of the PBPK model with WinNonlin software were derived from the follow equations. Hepatic clearance (CL h ) was estimated from Eq. B1, which was derived from Eq. B2:
where AUC is the area under the curve. The bioavailability (F), fraction absorbed (F a ), and intestinal availability (F g ) are related as:
where F h is fraction unmetabolized in the liver. In this study, we assume F a F g = 1.0; then, the bioavailability was calculated from Eq. B4 (the prime represents the value under the assumption of F a F g = 1.0):
The initial value of V 1 was estimated from Eq. B5 using the fitted calculation results of the onecompartment model (V d /F) and the F value from Eq. B4:
The initial value of hepatic intrinsic clearance (CL h,int ) was estimated from Eq. B6, where CL h was evaluated from Eqs. B7 and B8:
Values of adjusted distribution volume (V d /F) and elimination constant (k el ) were calculated from the fitting calculation of the one-compartment model, and Eq. B7 was derived from Eq. B9:
The initial value of k a for the fitting calculation was used as the primary results of WinNonlin with the one-compartment model.
Appendix C
The parameter values of CL r , k a , and V 1 in the human PBPK model were estimated using a scale-up strategy from rats to humans as follows. Human renal clearance CL r,human was estimated from Eq. C1, which was derived from Eq. C2, where BW rat = 0.25 kg and BW human = 70 kg:
CL r,human = CL r,rat BW rat 2 3 × BW human 2 3 (C1)
CL r = a × BW 2 3 (C2)
The human systemic circulation volume (V 1,human ) was estimated from Eqs. C3 and C4, where V h,human , V b,rat , and V b,human were 1.5, 0.016, and 4.9 l, respectively:
where physicochemical parameters such as K p,h , R b , and f u,p were assumed to be consistent between rats and humans The derivation of K p,h is shown in Appendix A. The human absorption rate constant (k a ) was estimated from Eq. C5: 38) k a,human = 0.744 × k a,rat (C5)
